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1  | INTRODUC TION
In	 order	 to	 predict	 the	 responses	of	 natural	 plant	 communities	 to	
future	increases	in	atmospheric	CO2	concentration	([CO2]),	it	is	nec‐
essary	to	understand	the	different	responses	of	the	species	and	eco‐








growth	 of	 the	 root	 system,	 particularly	 root	 length,	 and	 root‐to‐
shoot	ratio	 (Anderson	et	al.,	2010;	Rogers,	Peterson,	McCrimmon,	
&	 Cure,	 1992).	 Such	 physiological	 and	 anatomical	 modifications	




Most	of	 the	 studies	exploring	effects	of	elevated	 [CO2]	 in	 for‐
est	ecosystems	have,	however,	been	done	on	dominant	overstorey	
trees	under	conditions	of	high	 light	 intensities	 (e.g.,	Asshoff,	Zotz,	
&	Körner,	2006;	Norby	et	al.,	2005;	Urban	et	al.,	2014),	while	un‐
derstorey	 communities,	 naturally	 exposed	 to	 very	 low	 daily	 light	
integrals—photosynthetic	 photon	 flux	 density	 integrated	 over	 a	
day	(DLI),	received	so	far	only	limited	attention	(Belote,	Weltzin,	&	
Norby,	2004;	Dukes	et	 al.,	 2005;	Niklaus	&	Körner,	 2004;	Würth,	






Daily	 light	 integral	 has	 significant	 impacts	 on	 a	 range	 of	 leaf/
plant	 traits	 related	 to	 anatomical	 structure,	 chemical	 composition,	





others,	 leaf	mass	 per	 area	 (LMA)	 and	 leaf	 thickness	 increase	with	
increasing	DLI,	that	is,	the	parameters	increasing	also	with	increas‐
ing	 [CO2].	 In	contrary,	 increases	 in	Rubisco	carboxylation	 rate	and	
Rubisco	content	associated	with	increasing	DLI	could	be	substantially	
reduced	 under	 long‐term	 exposure	 to	 elevated	 [CO2]	 (Ceulemans	
&	 Mousseau,	 1994;	 Leakey	 et	 al.,	 2009;	 Norby,	 Warren,	 Iversen,	
Medlyn,	 &	McMurtrie,	 2010;	 Urban,	 2003;	Way,	Oren,	 &	 Kroner,	
2015).	 Such	examples	 suggest	 a	possible	 interaction	between	DLI	
and	[CO2]	ranging	from	synergistic	to	antagonistic	effects.










increased	 apparent	 quantum	 efficiency,	 and	 accordingly	 reduced	
the	light	compensation	irradiance	of	photosynthesis	under	elevated	
[CO2]	(Drake,	Gonzalez‐Meler,	&	Long,	1997;	Farquhar,	Caemmerer,	





A	 meta‐analysis	 by	 Kerstiens	 (2001)	 revealed	 a	 significantly	

















Such	 inconsistent	 results	 of	 responses	 of	 understorey	 vegeta‐
tion	to	elevated	[CO2]	may	further	rise	from	differences	in	soil	water	
availability.	For	example,	Belote	et	al.	 (2004)	observed	stimulatory	





synthetic	 pathway	 grown	 in	 the	 understorey	 of	 an	 experimental	
spruce‐beech	stand.	The	studied	grasses,	Calamagrostis arundinacea 
(L.)	 Roth	 and	 Luzula sylvatica	 (Huds.)	Gaud.,	 represent	widespread	
species	of	montane	forests	in	Central	Europe.	Tuft	forming	C. arun-
dinacea	 is	 an	 expansive	 and	 sun‐demanding	 species	 occurring	 in	
the	majority	of	disturbed	forests	and	open	deforested	areas	(Fiala,	
Tůma,	Holub,	&	Jandák,	2005;	Fiala	et	al.,	2001).	On	the	other	hand,	














2  | MATERIAL S AND METHODS













maxima	 of	 projected	 leaf	 area	 index,	 estimated	 by	 a	 LAI‐2000	
Plant	Canopy	Analyser	 (Li‐Cor)	 in	AC	and	EC	stands,	are	shown	 in	
Table	1.	Plants	with	comparable	biomass	and	developmental	stage	
were	transplanted	(data	not	shown).	Plants	were	grown	in	the	native	














of	 precipitation	 in	 mid‐May	 and	 at	 the	 end	 of	 August	 and	 early	
September	 (Figure	 1).	 Light	 penetration	 into	 the	 tree	 understorey	
amounted	to	80%	before	leaf	development	(May),	while	it	was	only	
20%	during	the	peak	of	the	growing	season	(July–September).	The	
daily	 maxima	 of	 photosynthetically	 active	 radiation	 (PAR)	 in	 the	









noon	hours	 (11:00–15:00).	An	open	 infrared	gas	 analyser	 Li‐6400	
(Li‐Cor)	was	used	to	measure	the	relationship	between	the	CO2	as‐
similation	 rate	 (A)	 and	 intercellular	CO2	 concentration	 (Ci).	 The	A/




Ci	 curves	 limited	 by	 Rubisco	 activity	 and	 electron	 transport	 rate	
(Figure	S2).	The	measured	leaves	were	kept	at	constant	temperature	




 2008 2009 2010
AC	stand 1.18	±	0.25 1.77	±	0.34 2.16	±	0.35
EC	stand 1.23 ± 0.27 1.87	±	0.36 2.38	±	0.41
Note: Mean	values	±	standard	deviations	(n	=	8)	are	shown.
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and	 vapor	 pressure	 deficit	 corresponding	 to	 the	 natural	 seasonal	
variability	 (Figure	 1).	 A	 biochemical	model	 of	 photosynthesis	 (von	
Caemmerer,	 2000)	 was	 applied	 to	 derive	 the	 maximum	 in	 vivo	
Rubisco	carboxylation	rate	(VCmax)	and	maximum	electron	transport	
(Jmax)	from	the	A/Ci	response	curves	using	Photosyn	Assistant	soft‐
ware	 (Dundee	 Scientific).	 To	 model	 the	 seasonal	 temperature	 ef‐
fects	on	Michaelis–Menten	constants	of	Rubisco	for	carboxylation	




The	 relationship	between	A	 and	PAR	 (A/PAR)	was	obtained	at	





(15–25°C	 and	 45%–65%).	Dark	 respiration	 rate	 of	 leaves	 (RD)	was	
estimated	after	15	min	of	darkening.	Instantaneous	rates	of	A	(Figure	
S3)	 were	 subsequently	 modeled	 as	 a	 nonrectangular	 hyperbolic	
function	 of	 incident	 PAR	 using	 a	 Nelder–Mead	 algorithm	 (Urban	






to	 stomatal	 conductance	 at	 a	PAR	of	 50	 (iWUE50 = A50/GS50)	 and	
1,200	μmol	m−2	s−1	(iWUEmax = Amax/GSmax).	Carbon	ratio,	a	proxy	of	
carbon	balance,	was	subsequently	calculated	as	A200/RD.
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2.3 | Morphological and production parameters
Fully	developed	 leaves	of	C. arundinacea	and	L. sylvatica,	on	which	
the	 physiological	 measurements	 were	 carried	 out,	 were	 sampled	
throughout	 the	 growing	 season	 (May–October)	 to	 analyze	 their	
dry	mass	and	leaf	area.	The	leaf	area	was	determined	by	a	leaf	area	









analysis	was	used	 to	 test	 the	 effect	 of	 species	 (C. arundinacea	 vs.	
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L. sylvatica),	[CO2]	(AC	vs.	EC),	and	date	within	the	season	(measuring	
dates	during	the	whole	growing	season)	on	morphological	and	physi‐
ological	 parameters.	 Two‐way	 ANOVA	 analysis	 was	 subsequently	
used	to	test	seasonal	differences	between	means	and	the	effect	of	
[CO2]	on	morphological	and	physiological	parameters	in	each	plant	
species	 separately	 (Figures	 3‒7).	 The	 Fisher's	 LSD	 post‐hoc	 test	
was	used	to	evaluate	differences	between	means.	For	the	destruc‐
tive	 analysis	 of	 above‐	 and	belowground	biomass,	 the	 differences	
between	means	were	tested	using	one‐sample	t	tests.	Significance	






A	 at	PAR	200	μmol	m−2	 s−1	 (A200).	 Species	had	a	 significant	effect	







tosynthetic	parameters	estimated	under	high	 light	 intensities	 (Amax,	
LSE,	VCmax,	and	Jmax),	but	not	on	the	photosynthetic	parameters	de‐








of	A50	 (CO2	 assimilation	 rate	at	50	µmol	m
−2	 s−1)	 under	AC	condi‐
tions	as	compared	to	leaves	of	the	less	shade‐tolerant	C. arundinacea 












of	A50	as	well	 as	A200	 values	under	AC	conditions	as	compared	 to	
spring	months,	but	this	negative	effect	of	reduced	GS	on	A	was	com‐
pensated	by	EC	(Figure	3).
Throughout	 the	 growing	 season	 the	 EC	 led	 to	 an	 increase	 of	




mation	 to	EC	was,	 however,	 species‐specific.	While	EC	 conditions	
led	to	increases	of	A50	and	A200	in	C. arundinacea,	particularly	at	the	
beginning	of	 the	growing	 season	 (May–June),	 the	highest	 and	 sta‐
tistically	 significant	 stimulation	 of	A50	 and	A200	 in	 L. sylvatica	was	
observed	during	July	and	August	when	the	 lowest	GS	values	were	
recorded	(Figure	3).
Generally,	 strong	 shade‐tolerant	 L. sylvatica	 had	 higher	 iWUE	









gradually	diminished,	particularly	 in	L. sylvatica	 (Figure	5).	The	LCP	
values	 significantly	 decreased	 throughout	 the	 growing	 season	 in	
both	growth	environments.	Although	EC	led	to	an	increase	in	LCP	of	
up	to	125%	and	130%	in	C. arundinacea	and	L. sylvatica,	respectively,	
these	differences	were	mostly	 statistically	nonsignificant	 (p	 >	 .05;	
Figure	5).	On	the	contrary,	a	highly	significant	positive	effect	of	the	






F I G U R E  5  Seasonal	courses	of	photosynthetic	parameters	derived	from	the	relationship	of	CO2	assimilation	rate	and	photosynthetically	
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the	growing	season	(May),	significant	stimulation	of	RD	by	EC	condi‐









tions	 led	to	a	significant	stimulation	of	VCmax	and	Jmax	 in	C. arundi-
nacea	at	the	beginning	 (May,	June)	and	end	of	the	growing	season	
(September,	 October),	 but	 in	 L. sylvatica	 the	 stimulation	 occurred	
during	the	summer	months	with	a	peak	in	August.
3.2 | Morphological and production parameters
In	both	grass	species,	leaf	dry	mass	increased	under	EC	as	compared	
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Within	this	study,	we	tested	the	hypothesis	that	elevated	[CO2] 
stimulates	 photosynthesis	 and	 growth	 of	 understorey	 plants	 spe‐








4.1 | [CO2] stimulation of photosynthesis at low 
light intensity
In	 general,	 the	 stimulatory	 effect	 of	 elevated	 [CO2]	 on	 photosyn‐
thetic	 assimilation	 varies	 depending	 on	 the	 functional	 group	 and	







Laanisto,	 Niinemets,	 &	 Zavala,	 2016).	 In	 the	 present	 study,	 we	
found	 evidences	 supporting	 the	 hypothesis	 that	 EC	 substantially	
stimulates	 photosynthesis	 (Figure	 3)	 and	 partially	 also	 the	 growth	
(Figures	 8	 and	 9)	 of	 understorey	 plants	 naturally	 exposed	 to	 low	
DLIs	(0.1–14	mol	m−2	day−1),	that	is,	conditions	when	photosynthesis	






































the	 effect	 of	 EC	 changed	 asynchronously	with	 light	 intensity	 for	















parameters	 to	 EC	 changed	 during	 vegetation	 season	 and	 showed	
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had lower VCmax	and	Jmax	values	under	EC	than	AC	conditions	 indi‐















4.2 | Responses to elevated [CO2] are species‐
specific
To	test	the	hypothesis	that	species	differing	in	shade‐tolerance	also	
have	a	different	sensitivity	to	EC,	L. sylvatica	and	C. arundinacea were 
investigated	 in	 this	 study.	Higher	 values	of	A50	 and	AQE	 together	




lowground	biomass	of	 shade‐tolerant	L. sylvatica,	while	only	 insig‐
nificant	increases	were	observed	in	C. arundinacea	plants	(Figure	9).	
This	 is	 in	 accordance	with	 a	 higher	 [CO2]	 stimulation	of	A50,	A200,	
and	A/RD	 ratio	 in	L. sylvatica	 than	 in	C. arundinacea,	particularly	 in	
summer	months.	 Also	 Kubiske	 and	 Pregitzer	 (1996)	 concluded	 an	











vegetative	 growth	 over	 the	 whole	 vegetation	 season.	 Integration	










Effect Sp [CO2] T Sp × [CO2] Sp × T [CO2] × T Sp × [CO2] × T
df 1 1 5 1 5 5 5
A50 65.0*** 31.6*** 3.3** 0.2
n.s. 4.6*** 0.5n.s. 1.4n.s.
A200 0.1
n.s. 98.7*** 7.9*** 3.7n.s. 2.1n.s. 2.0n.s. 2.1n.s.
Amax 127.8*** 181.3*** 33.5*** 25.2*** 5.1*** 4.0** 6.1***
AQE 166.5*** 24.7*** 5.1*** 2.0n.s. 6.9*** 2.5* 0.1n.s.
LCP 136.7*** 11.8*** 30.4*** 5.1* 4.0** 1.9n.s. 1.2n.s.
LSE 364.6*** 49.3*** 15.3*** 15.5*** 7.8*** 3.3* 1.6n.s.
GS200 97.3*** 4.7* 6.8*** 0.1
n.s. 1.1n.s. 0.5n.s. 0.6n.s.
RD 25.4*** 26.6*** 20.4*** 2.5
n.s. 1.3n.s. 0.9n.s. 1.8n.s.
VCmax 6.1* 24.9*** 27.1*** 9.0** 0.5
n.s. 0.7n.s. 1.4n.s.
Jmax 8.3** 27.9*** 29.1*** 7.9** 1.5
n.s. 0.2n.s. 2.2n.s.
iWUE50 109.1*** 33.0*** 5.9*** 8.0** 3.3** 0.9
n.s. 0.7n.s.
iWUEmax 204.7*** 134.5*** 7.2*** 16.0*** 4.0** 1.8
n.s. 1.8n.s.
A200/RD 5.8* 7.2** 1.6
n.s. 0.6n.s. 0.7n.s. 0.7n.s. 0.1n.s.
Leaf	DM 119.9*** 17.9*** 61.0*** 0.1n.s. 1.3n.s. 0.5n.s. 0.6n.s.
LMA 101.3*** 40.6*** 14.4*** 27.0*** 2.5* 0.2n.s. 0.5n.s.
Shoot	DM 6.4* 1.1n.s. — 0.1n.s. — — —
Root	DM 2.1n.s. 6.5* — 0.01n.s. — — —
R/S 0.1n.s. 15.0** — 0.5n.s. — — —
Note: Results	of	three‐way	ANOVA	(df,	F‐value)	analyses	are	shown	(n.s.,	non	significant;	*p	≤	.05;	**p	≤	.01;	***p	≤	.001).	Two‐way	ANOVA	was	used	
to	analyze	shoot	DM,	root	DM,	and	R/S	values.
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of	EC	stimulation	over	the	whole	vegetation	season	thus	results	in	
higher	biomass	EC	stimulation	in	L. sylvatica.

















(S)	 and	 roots	 (R)	 also	 seems	 to	be	 species‐specific.	Although	both	
grass	 species	showed	an	 increase	 in	 root	biomass	and	an	 increase	
in	 R/S	 ratio	 under	 EC	 conditions,	 these	 changes	 were	 significant	
only	in	the	shade‐tolerant	L. sylvatica	(Figure	9).	Arnone	et	al.	(2000)	
studied	 the	 response	 of	 root	 systems	 to	 elevated	 [CO2]	 in	 intact	




and	decomposition	 rates	which	may	 lead	 to	only	 small	 changes	 in	
root	biomass,	particularly	 in	high	soil	moisture	conditions	 (Pendall,	
Osanai,	Williams,	&	Hovenden,	 2003).	Differences	 in	 root	 growth	







by	 elevated	 [CO2]	 was	 confirmed	 in	 a	 meta‐analysis	 by	 Kerstiens	
(2001).	 However,	 differences	 between	 shade‐tolerant	 and	 shade‐
intolerant	species	only	occurred	at	high	DLIs	(Poorter	et	al.,	2019).	








showed	 higher	 growth	 stimulation	 by	 EC,	 particularly	 in	 summer	
months	with	a	closed	canopy,	but	slightly	 increasing	DLIs	given	by	
longer	days	and	higher	incident	PAR	above	the	canopy.
4.3 | Seasonality of responses to elevated [CO2]
Pronounced	seasonal	pattern	in	VCmax	and	Jmax	was	observed	in	both	
understorey	grass	species	studied.	In	accordance	with	the	study	by	











manding	 and	 shade‐tolerant	 understorey	 vegetation,	 respectively,	
has	been	proved	in	our	experimental	mixed	forest	(Figure	2b).





these	 parameters	 were	 substantially	 stimulated	 in	 L. sylvatica	 by	
EC	in	the	summer	months	(July–August)	which	can	be	attributed	to	
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significantly	lower	light	saturation	intensities,	compared	to	C. arun-
dinacea,	and	better	utilization	of	low	intensities	during	longer	days.	




water	 availability	 (Valladares	 et	 al.,	 2016).	 Therefore,	 not	only	 the	
tolerance	 to	shade	conditions,	but	also	 the	sensitivity	of	plants	 to	
other	environmental	perturbations,	like	drought,	may	further	mod‐
ulate	the	final	response	of	understorey	plants	to	EC	and	its	seasonal	
dynamics.	 This	 is	 in	 agreement	 with	 the	 findings	 by	 Belote	 et	 al.	
























Also	 Jablonski,	Wang,	 and	Curtis	 (2002)	 reported	 significantly	en‐














and	 the	plants	were	exposed	 to	 relatively	high	DLI	values.	Finally,	
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